The aggregation of insulin into amyloid fibers has been a limiting factor in the development of fast acting insulin analogues, creating a demand for excipients that limit aggregation. Despite the potential demand, inhibitors specifically targeting insulin have been few in number. Here we report a non-toxic and serum stable-designed heptapeptide, KR7 (KPWWPRR-NH 2 ), that differs significantly from the primarily hydrophobic sequences that have been previously used to interfere with insulin amyloid fibrillation. Thioflavin T fluorescence assays, circular dichroism spectroscopy, and one-dimensional proton NMR experiments suggest KR7 primarily targets the fiber elongation step with little effect on the early oligomerization steps in the lag time period. From confocal fluorescence and atomic force microscopy experiments, the net result appears to be the arrest of aggregation in an early, non-fibrillar aggregation stage. This mechanism is noticeably different from previous peptide-based inhibitors, which have primarily shifted the lag time with little effect on later stages of aggregation. As insulin is an important model system for understanding protein aggregation, the new peptide may be an important tool for understanding peptidebased inhibition of amyloid formation.
The aggregation of insulin into amyloid fibers has been a limiting factor in the development of fast acting insulin analogues, creating a demand for excipients that limit aggregation. Despite the potential demand, inhibitors specifically targeting insulin have been few in number. Here we report a non-toxic and serum stable-designed heptapeptide, KR7 (KPWWPRR-NH 2 ), that differs significantly from the primarily hydrophobic sequences that have been previously used to interfere with insulin amyloid fibrillation. Thioflavin T fluorescence assays, circular dichroism spectroscopy, and one-dimensional proton NMR experiments suggest KR7 primarily targets the fiber elongation step with little effect on the early oligomerization steps in the lag time period. From confocal fluorescence and atomic force microscopy experiments, the net result appears to be the arrest of aggregation in an early, non-fibrillar aggregation stage. This mechanism is noticeably different from previous peptide-based inhibitors, which have primarily shifted the lag time with little effect on later stages of aggregation. As insulin is an important model system for understanding protein aggregation, the new peptide may be an important tool for understanding peptidebased inhibition of amyloid formation.
Protein misfolding results in the formation of insoluble aggregates that are often in the form of elongated fibers with a characteristic cross-␤-sheet structure called amyloid fibers. Excessive accumulation of these aggregates can compromise the activity of the affected tissue or organ. Although the ultimate involvement of amyloidogenic proteins in disease is a subject of considerable controversy (1) , this process is often correlated with the development of severe pathological conditions such as Alzheimer's and Parkinson's disease, type II diabetes, and Huntington's disease (2, 3) . The process of amyloid fibril formation initiates under certain conditions from both unstructured peptides and structured globular proteins and traverses through a series of structural modifications and metastable oligomers before ultimately forming insoluble amyloid fibers (4) . Despite intensive research, the exact mechanism for amyloid fibrillation has yet to be fully understood.
One of the proteins where amyloidogenesis is of potential concern is insulin. Insulin plays a major role in blood glucose homeostasis and pharmaceutical preparations of insulin are commonly used to treat diabetes. Amyloidogenesis is a major concern during insulin manufacture, as insulin in the amyloid form is not bioavailable, and any degree of amyloid formation leads to reduced efficacy of insulin administration (5) . In continuous delivery systems such as insulin pumps, amyloid formation may cause fouling of the system and reduced or erratic delivery rates (6) . Insulin amyloidosis at the site of injection may also lead to poor penetration of the injected insulin and a variable insulin response (7, 8) . Because insulin delivery must be tightly calibrated, any of these situations can result in diabetic ketoacidosis due to insulin deficiency, a life-threatening complication (6) .
To prevent these occurrences, commercial insulin preparations are formulated with excipients to limit aggregation, typically by promoting the zinc bound hexameric form over the monomeric state, which is more prone to fibrillation (9 -11) . In its zinc-bound hexameric form, insulin is a helical protein with each subunit consisting of two disulfide-linked polypeptide chains of 21 and 30 amino acid residues each: an A-chain consisting of a helical hairpin (A2-A8 and A13-A19) and a B-chain with a single helix (B9-B19) (PDB code 2ZP6). Insulin is more conformationally unstable as a monomer than as a hexamer, and partial unfolding of insulin structure is believed to expose hydrophobic regions of the peptide that trigger eventual aggregation (12) (13) (14) . Stabilizing the hexameric form has disadvantages, as insulin is most active in the monomeric form (15) (16) (17) (18) . Shifting the equilibrium to the hexameric form therefore delays the onset of insulin activity. Faster acting insulin analogues such as lispro that remain in the monomeric state have been created to address this problem, but these analogues suffer from more severe aggregation problems (5) . An excipient that would allow monomeric insulin's advantage of fast-action but eliminate the corresponding disadvantage of aggregation would have obvious clinical utility (19) .
Beyond its immediate clinical application, insulin is an important model system for the study of amyloid fibrillation. Insulin can be triggered to form amyloid fibrils rapidly in vitro upon exposure to specific conditions such as low pH, high temperature, and higher ionic strength (17) . Insulin is cheap, soluble at high concentrations, and available in large amounts, factors that often limit the type of experiments that can be done on other amyloid systems. For this reason, insulin has been used extensively to understand the generic physical chemistry of aggregating systems (20 -29) .
Despite these advantages, known inhibitors for insulin aggregation are comparatively few, at least in comparison to other amyloid proteins such as A␤ 5 and ␣-synuclein. A few small molecules such as epigallocatechin-3-gallate (30), quercetin (31) , quinones (32) have been explored as potential inhibitors for insulin aggregation. In this work we report a non-toxic and serum stable heptapeptide named KR7 (KPWWPRR-NH 2 ) derived from the antimicrobial peptide indolicidin that inhibits insulin amyloid fibrillation. In contrast to other insulin peptide inhibitors (19, 33, 34) , KR7 does not contain a self-recognition sequence based on the insulin peptide and, therefore, represents a new point of attack. Using a variety of biophysical techniques, we show KR7 decreases the elongation rate of fibers without affecting the lag time, a different mechanism than current peptide-based inhibitors (19, 33) .
Results and Discussion

Peptide Design
The designed peptide, KR7 (KPWWPRR-NH 2 ), is derived with a slight modification from the known antimicrobial peptide indolicidin. It harbors a PWWP motif at the center flanked by the positively charged residues Lys and Arg at the N and C termini, respectively. Recently it was reported that tripeptides WWW, WPW, WWP, and PWW bind to amyloid fibrils of A␤ 9 -40 at the hydrophobic groove with very high affinity. Among the tripeptides, PWW exhibited the highest binding affinity toward amyloid fibers (35) . Based on the hypothesis that amyloid fibers of different proteins often share similar structural properties, we were interested in testing the activity of KR7 with insulin, as the central region of the KR7 has overlapping PWW and WWP motifs. Insulin is also rich in hydrophobic amino acid residues, similar to the A␤ peptide. Interestingly, the insulin chain B is mostly conserved among mammals, whereas chain A exhibits sequence variability as shown is supplemental Fig. S1A . Insulin has a high proportion of hydrophobic residues, i.e. 5.9% Phe, 5.9% Ala, 7.8% Gly, 9.8% Val, and 11.8% Leu for the bovine variant used in this study. As per the Protscale server (36) , hydrophobicity reaches a maximum at Leu-15 of chain B (supplemental Fig. S1B ).
Fibrillation Kinetics of Insulin
ThT Fluorescence Assay-We first used thioflavin T (ThT) fluorescence to determine the effects of KR7 on the kinetics of insulin amyloid fibrillation at low pH and high temperature (335 K, pH 2.6), conditions in which insulin is primarily dimeric and forms fibers relatively rapidly (17) . ThT binds specifically to the cross-␤ sheet structure of amyloid fibers and fluoresces more intensely once bound. Provided that the binding is specific, ThT fluorescence gives a measure of the fibrillar population of the amyloid protein in amyloidogenic conditions (37) .
The fibrillation kinetics of insulin shows the characteristic three stages typical of a nucleation dependent fibrillation process (Fig. 1A) (38) i.e. a quiescent lag phase, an elongation phase where fiber formation increases rapidly, and a saturation phase as the concentration of free peptide decreases.
The KR7 peptide inhibits insulin fibrillation in a concentration-dependent manner (Fig. 1A) . As a control experiment, KR7 by itself was tested at a concentration of 350 M (similar to the concentration used at the highest KR7:insulin molar ratio) and did not show any sign of fibrillation (Fig. 1A, red) . Insulin to KR7 molar ratio of 1:0.5 reduces the total amount of fiber formation by 50%, whereas a 1:1 molar ratio of KR7 to insulin reduces insulin fibrillation by 80% (Fig. 1B) . KR7 has little effect on the early lag phase but reduces both the rate and total amount of amyloid formed (supplemental Table S1 ). This specific kinetic profile suggests KR7 acts at a late stage in the aggregation process, possibly by blocking fiber elongation. To test this hypothesis (39), KR7 was added at different points along the aggregation pathway in a 1:1 ratio (Fig. 1C) . Adding KR7 at the midpoint (Fig. 1C, red) arrested aggregation completely but did not decrease ThT fluorescence. Similarly, adding KR7 near the end (Fig. 1C, blue) resulted in a partial decrease of ThT fluorescence consistent with arrest of fibrillation and incomplete breakdown of the fiber product. Adding KR7 at the end of the lag phase results in normal fiber formation at a reduced rate (Fig. 1C, green) . Overall these results are consistent with KR7 primarily targeting the fiber elongation step.
Insulin Fibrillation Kinetics with NMR Spectroscopy-ThT kinetic assays can be deceptive because only the final amyloid product is measured. In a complicated system in which only one species is detected many models can be consistent with the data. To gain further insight into the inhibition process at the molecular level, we turned to other biophysical techniques to directly measure kinetic events before fiber elongation. Onedimensional proton NMR is one of the most powerful of these techniques because of its high sensitivity to small changes in conformation and association (40, 41) . To observe possible changes that ThT cannot detect, we took one-dimensional NMR spectra periodically under conditions similar to those used for the ThT experiments. In the absence of KR7, the intensity in the sensitive aromatic and amide region was reduced by almost 5-fold after 14 h (Fig. 2A) . This decrease is an indication of the formation of aggregates too large to detect by NMR (42, 43) , which can be directly seen in the inset photo of the NMR tube ( Fig. 2A, inset) . On the other hand, in the presence of KR7 in a 1:1 ratio, peaks could be detected even after 14 h (Fig. 2B) , and no such precipitation was observed (Fig. 2B, inset) . Qualitatively, the NMR results are in overall agreement with the ThT data, which suggest that KR7 suppresses the formation of large aggregates.
A closer look at the one-dimensional NMR time-course allows a more precise determination of the point of KR7 inhibition. In both cases, the decay of the signal can be divided into two distinct phases (Fig. 2C ): a significant decrease occurring immediately after dissolution that plateaus at around 160 min and a slower sigmoidal type transition reminiscent of the ThT kinetic profile. The absence of a corresponding decrease in the lag phase of the ThT data suggests the first phase is the formation of non-amyloid aggregates not detected by ThT. The absence of amyloid fibers in the first phase can be confirmed by circular dichroism (CD) experiments which show that insulin remains in an ␣-helical conformation for the first 120 min before slowly transitioning to the ␤-sheet structure of amyloid fibers (Fig. 3) .
The two-phase profile, therefore, confirms at least two separate kinetic steps are involved in aggregation: nucleation from a non-amyloid intermediate followed by amyloid formation by FIGURE 1. Kinetics of insulin amyloid fibrillation in the presence of KR7 by ThT assay. All experiments were performed using 2 mg/ml insulin at 335 K in 50 mM citrate phosphate buffer with 100 mM NaCl at pH 2.6. A, kinetics of insulin fibrillation in the presence of varying ratios of KR7 peptide. KR7 decreases the rate of fiber formation with little effect on the lag time before fiber formation. AU, atomic units, B, bar plot of the normalized final ThT fluorescence from A. KR7 reduces the total amount of amyloid formed after the reaction has reached completion. C, effect of KR7 addition at different time points. KR7 arrests fiber formation immediately after the addition, but breakdown of fibers is minor. This pattern is consistent with KR7 stopping the fiber elongation step. 
Microscopic Observation of Insulin Fibrillation with and without KR7
Confocal Microscopy-The ThT fibrillation assay showed that the KR7 peptide effectively inhibits insulin fibrillation. Because many of the biological properties of aggregates are sensitive to not only the microscopic structure but also their physical dimensions (44 -47), we turned to microscopy to understand how KR7 affects the higher order morphology of insulin aggregates. First, images of insulin amyloid formation were acquired using confocal microscopy using ThT fluorescence to measure the effect of KR7 on the morphology of the amyloid fibers specifically. Representative images of selected time points are displayed in Fig. 4 ; representative images of the entire time course are shown in supplemental Fig. S2 . In both samples with KR7 and those without, the density and size of ThT positive aggregates gradually increases with time and follows the same two-step process; amorphous aggregates are formed first followed by the dense accumulation of short clusters of curly fibers.
Confocal ThT imaging can only detect aggregates with the cross ␤-sheet structure characteristic of amyloid fibers. It also lacks the resolution to distinguish distinct fibrillar species. To resolve the finer details of we employed time-lapse AFM to visualize the progression of insulin fibrillation. The results are similar to those obtained by confocal ThT imaging and consistent with the both the NMR and ThT results. Small oligomers form first within the lag time of the ThT experiment ( Fig. 1 ) in both the insulin and equimolar insulinϩKR7 samples (Fig. 5A ). At around 150 min the fate of the two samples diverges. In the absence of KR7, insulin proceeds to form large amorphous aggregates ( Fig. 5A ) followed by dense fiber-like structures (Fig.  5A ), similar to the sequence of events observed by confocal ThT imaging. With KR7, progression is halted on the amorphous aggregation stage. These results were confirmed by TEM (Fig.  5B ). As described earlier (48) , the amyloid products were incubated for few days at room temperature before applying sample on TEM grids. In KR7's absence, the TEM micrograph of insulin (Fig. 5B) showed densely packed branched fibers, but in the presence of KR7 peptide at a molar ratio of 1:1 no such fibrillar species were observed. Because dissolution of peptide from amyloid fibers is known to be a slow process, the system does not likely reach true equilibrium in the time frame of the ThT experiment. To see if the amyloid fibers are actually broken down at longer time points, KR7 was added at an equimolar concentration to a sample of insulin aggregated overnight, and the resulting sample was imaged by TEM (Fig. 5C ). Small spherical aggregates were visible, whereas the larger fibers seen in Fig.  5B are noticeably absent in Fig. 5C .
KR7 Binds Both Free Insulin and Insulin Fibers in the Low
Micromolar Range-The kinetic studies suggest KR7 inhibits the fiber elongation process but is ambiguous as to the actual target of KR7. To establish the actual molecular target, we used fluorescence anisotropy binding assays to measure the interaction of KR7 with insulin at different stages in the aggregation process. Binding of a ligand to a receptor results in a marked reduction in the rotational diffusion of the ligand, which in turn increases the value of fluorescence anisotropy. Interpretation of the fluorescence anisotropy values is simplified by the fact that KR7 has two tryptophan residues, whereas bovine insulin lacks tryptophan. Using freshly dissolved insulin, the fluorescence anisotropy increased in a dose-dependent manner with increasing insulin (Fig. 6) . Fitting the data, an apparent K D value FIGURE 5. High resolution microscopic images of insulin fibrillation in presence and absence of KR7. A, time-lapse atomic force microscopy images of insulin fibrillation. AFM samples were prepared on mica sheets using 10-l aliquots taken from (2 mg/ml) stock samples with or without KR7 peptide in an equimolar (1:1) ratio and dried for overnight at room temperature. Height of the sample is indicated in pseudo color. B, TEM images of mature insulin fibril in the absence (left panel) and presence (right panel) of KR7 at the end of the reaction. C, high resolution microscopic images of insulin fiber dissolution with KR7. Shown is a TEM image of 10-l aliquots taken from (2 mg/ml) stock fibril incubated overnight with equimolar concentration of KR7 peptide. FIGURE 6. Fluorescence anisotropy measurements of the binding of KR7 to insulin at different time points. Anisotropy of the tryptophan fluorescence of 5 M KR7 peptide in 50 mM citrate phosphate buffer, 100 mM NaCl (pH 2.6) with gradual addition of insulin from 1 M to 20 M concentration from a 2 mg/ml stock solution in 50 mM citrate phosphate, 100 mM NaCl (pH 2.6) aggregated at 335 K for the indicated time period. of 2.6 Ϯ 1.1 M was found for the initial insulin-KR7 interaction (assuming a 1:1 binding model); similar but slightly higher K D values were found at later time points (see below). Similar results were obtained at pH 7.4 (supplemental Fig. S3 ). The high affinity of this interaction might suggest KR7 blocks fiber extension by binding either monomeric or dimeric insulin and forming a complex incapable of supporting fiber extension (43) . However, KR7 has little effect on the lag time, which suggests it binds in such a way that it does not prevent the transition to the early large oligomers seen in confocal imaging. Therefore, it is also possible that soluble oligomers are present at the intermediate time points and contribute to the anisotropy increase.
The binding constant of interaction of KR7 was also determined at later time points, with presumably different levels of the intermediates of insulin fibrillation. The K (Fig. 6) , reflecting a pattern in which the affinity of KR7 first increases then decreases as time progresses, although caution should be used in interpreting these values in a quantitative manner due to the uncertainty in the binding stoichiometry and the exact species present at each time point. Under similar experimental conditions the anisotropy of the insulin control did not show any significant change at each mentioned time points (data not shown), eliminating scattered light from insulin aggregates as a likely reason for the anisotropy increase. The fluorescence anisotropy suggests KR7 has affinity for free, oligomeric, and fibrillar insulin.
Fluorescence anisotropy cannot be used to determine the sites on insulin at which KR7 interacts. To investigate the vital residues for insulin binding with KR7, we performed a twodimensional 1 H, 1 H nuclear Overhauser effect spectroscopy (NOESY) experiment of insulin in the presence of 20% acetic acid-d 4 , a condition in which insulin is completely monomeric due to the influence of acetic acid (49, 50) . The NOESY spectra is well resolved with an ample number of NOE cross-peaks (Fig.  7) , indicating a folded conformation in its monomeric state. Although we could assign ϳ42 of 51 amino acids of insulin, tracing of intermolecular NOE cross-peaks between insulin and KR7 was not possible due to the presence of severe signal overlap. For this reason, experimental determination of the structure of the bound complex was not possible. Determination of the structure of the insulin-bound conformations of KR7 by a two-dimensional 1 H, 1 H-transferred NOESY (trNOESY) NMR experiment was also not feasible due to a lack of sufficient trNOEs (supplemental Figs. S4 and S5) .
Despite the lack of a full structure of the KR7-insulin complex, binding can still be localized from the NOESY spectra to distinct regions of KR7 and insulin. For insulin, binding mostly manifests as chemical shift perturbations (CSPs) (Fig. 7 and supplemental Table S2 ) along seven consecutive residues in the insulin B chain ( 11 LVEALYL 17 ). This aggregation prone sequence is believed to be one of the driving forces behind insulin fibrillization as it forms a energetically favorable steric zipper in the insulin amyloid fiber (51, 52) . Several neighboring residues such as His-10, Cys-19, Gly-20, Glu-21, Gly-23, Phe-24, and Thr-27 in the B chain as well as a few residues in the A chain, namely Ser-12, Leu-13, Leu-16, Tyr-19, and Cys-20, also display substantial CSPs (supplemental Table S2 ).
On the KR7 side, the PWWP motif appears to be critical for binding. KR7 in the absence of insulin shows four indole ring proton peaks in one-dimensional spectrum for the tryptophan residues due to the presence of cis-trans conformational changes at the PWWP motif (see Fig. 8A ). With the addition of insulin to KR7 at a molar ratio of 1:1, we see a slight shift (ϳ9.0 Hz) and significant broadening for both the major and minor indole ring protons of tryptophan residues of KR7. The line broadening effect could be due to apo-holo exchange between bound and unbound states in the intermediate kinetic regime of the NMR timescale. Taken together, CSPs in the NOESY spectra of insulin as well as broadening in the indole proton region of KR7 suggests portions of insulin B chain ( 11 LVEALYL 17 ) and two tryptophan residues of KR7 are actively involved in the course of binding. 
Epitope Mapping
Saturation Transfer Difference (STD) NMR-
The tryptophan anisotropy measurements show that the dissociation constant of freshly prepared insulin and KR7 is on the micromolar scale. Moreover, the line width broadening in the amide and aromatic region of KR7 in one-dimensional 1 H NMR upon the addition of insulin signifies that the protein and ligand undergo fast to intermediate exchange between the free and bound state (supplemental Fig. S4 ). Unfortunately, a lack of sufficient NOEs and spectral congestion prevented easy identification of binding sites. On the other hand, the fast exchange rate between KR7 and insulin fibers does make the ligand protein pair suitable for study with STD NMR, a technique that detects ligand binding to high molecular weight species indirectly by the transfer of magnetization to the unbound state (53) . The efficiency of magnetization transfer is dependent on the size of the binding partner; binding to large species like amyloid fibers results in a much larger STD signal than binding to smaller species like the insulin monomer. The STD control spectrum of KR7 without insulin did not show any detectable STD signals (data not shown), whereas peaks are detectable in the aliphatic and aromatic region in the presence of preformed insulin fibers (Fig.  8B) . A 1:430 molar ratio of insulin fibers to KR7 was chosen to efficiently transfer magnetization from the protein to the ligand in the bound state. The strongest STD signal was observed at 1.85 ppm corresponding to C␤H 2 of Arg of KR7. Other peaks such as the methylene (CH 2 ) protons of Lys and Pro and the aromatic protons of Trp also exhibited moderate STD signals. From the STD NMR data, it can be said that the side chains of Arg, Lys, Pro, and Trp are close to insulin in the bound form.
Interaction Analysis of the KR7 Insulin Binding Pose-Molecular modeling is a useful computational approach to aid in the understanding for the probable interaction mode between KR7 and the insulin monomer, the conformational state presumed to be responsible for the elongation of the amyloid fiber. Because the structure of KR7 in the bound complex is not available, simulated annealing in implicit generalized born conditions was used to explore the energy barrier required for proper peptide folding upon binding and also to fetch a wide range of KR7 conformational possibilities. From this set, the k-means hierarchical clustering technique was employed to select a single pose representative of the KR7 population for docking.
The HADDOCK server was used for docking of insulin with KR7 using the CSPs in the NOESY and one-dimensional 1 H NMR spectrum to define active residues for insulin and KR7, respectively. The minimum energy conformation of the docked complex was chosen as the model of interaction (Fig. 8C) . This model is represented in Fig. 8D as a surface, where the yellow surface of the protein represents the residues within 5 Å distance of KR7. The docking result indicates KR7 is likely in close proximity to the C terminus and ␣-helical region of the B-chain of insulin, which is also supported by NMR analysis. Specifically, KR7 makes hydrophobic and electrostatic interactions with Glu-13, Tyr-16, Leu-17, Gly-20, Glu-21, Phe-24, and Tyr-26 of insulin chain B (Fig. 8E) , consistent with the CSP values from the NOESY experiments. These residues lie along the interface of the insulin dimer, suggesting KR7 may favor the monomeric state of insulin in the monomer/dimer equilibrium, although direct evidence is lacking at this point. The absence of contacts in the N-terminal region in the docked structure is consistent with KR7's inability to delay the fibrillization lag time; the first aggregation prone intermediate is believed to result from partial unfolding of the insulin monomer at the N terminus of the A-chain (14) . Further details in terms of residues involved, nature of interaction, and interatomic distance are shown in supplemental Table S3 .
Serum Stability of KR7 and Cytotoxicity of Amyloid Insulin Intermediates
KR7 Peptide Is Non-cytotoxic and Stable in Serum-In vitro
activity is not a guarantee of in vivo efficacy. As a first step toward this goal, we performed preliminary experiments to test the in vivo suitability of the KR7 peptide. We first confirmed that KR7 itself is not cytotoxic to cells by testing the effect of KR7 on the viability of HEK293T cell line by the 3,(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) assay. The viability of cells treated with KR7 for 24 h was statistically indistinguishable from the controls (Fig. 9A) . Because KR7 is less effective at suppressing the formation of early insulin aggregates compared with later insulin fibers, we also tested the cytotoxic potential of early insulin fibrillation intermediates. Insulin fibrillation intermediates were prepared by heating 3.5 mg/ml insulin (in HCl pH 2.0 with 100 mM NaCl) at 335 K, and aliquots were collected from this reaction mixture at different time points for the cytotoxicity study. At relatively high final concentrations (60 M), intermediate species of insulin fibrillation (allowed to aggregate at 335 K for 5, 7, 10, and 20 min before treatment) are moderately toxic and kill a statistically significant proportion (12-15%) of cells (Fig. 9B) . This toxic effect of insulin was not observed when we treated insulin at the aforementioned condition along with our synthetic peptide KR7. This result suggests that KR7 peptide minimizes the cytotoxicity of intermediate insulin oligomers.
Peptide KR7 Is Serum Stable-Serum contains various kinds of proteases, which cause hydrolysis of peptide bonds that can inactivate peptide therapeutics. To test the potential stability of KR7 in vivo, we tested the proteolytic stability of our designed peptide KR7 in fetal bovine serum (FBS). From the proteolytic assay it could be seen that after 2 h of incubation ϳ35% of the peptide remain intact (Fig. 9C) . KR7 thus shows significant stability in the presence of serum proteins.
Conclusion-KR7 is an effective inhibitor of insulin aggregation with a novel inhibition mode; it appears to arrest insulin aggregation in the later stages of fiber assembly without disassembly by binding both to monomeric insulin and to insulin fibers. This inhibition mode is different from other peptide-based inhibitors, even those based on a similar Trp repeat motif (34) . Understanding why such subtle differences in sequence can yield large differences in behavior may improve the design of future peptide based inhibitors against insulin and other amyloid forming peptides. 
Experimental Procedures
Chemicals-Bovine insulin from bovine pancreas and the peptide KR7 were purchased from Sigma and GL Biochem (Sanghai, China), respectively. The purity of KR7 was Ͼ95%, as evidenced by HPLC and mass spectral (electrospray ionization-MS) analysis. A MTT assay was performed with phenol red free RPMI media, obtained from HiMedia Laboratories Pvt. Ltd. (Mumbai, India). All other chemicals used in this study were of highest analytical grade.
Insulin Fibrillation Kinetics by ThT Assay-Bovine insulin was dissolved in 50 mM citrate phosphate buffer (pH 2.6) with 100 mM NaCl (54) . The concentration of the insulin in buffer solution was determined by observing the UV absorbance at 276 nm. The concentration of insulin was calculated by using the known extinction coefficient of 0.91 mg/ml for insulin (33) . All the buffers used in the experiment were filtered through a 0.22-m membrane filter followed by degassing with vigorous stirring. ThT was dissolved in Milli-Q water, and its concentration was determined by UV absorbance at 412 nm. The concentration of ThT was determined by using a molar extinction coefficient of 36,000 M Ϫ1 cm Ϫ1 (33) . For recording ThT fluorescence, a 2 mg/ml insulin sample was incubated at 335 K in a circulating water bath, and aliquots were drawn from it at regular intervals. As described earlier (54, 55) , the aliquot along with 10 M ThT was added to 10 mM phosphate buffer (pH 7.4) with 100 mM NaCl. ThT fluorescence was measured in a quartz cuvette; Jasco spectrofluorometer (FX-8500) set at excitation wavelength of 450 nm and emission wavelength set at 485 nm.
The data collected from ThT fluorescence were fitted by Boltzmann equation (a sigmoidal function), i.e. given by Equation 1,
Here A 1 is the initial fluorescence, A 2 is the maximum fluorescence, t 0 stands for the time where the fluorescence has reached to half that of the maximum value, and 1/ is the apparent rate constant of fibril growth and lag time approximated to t 0 Ϫ2. Circular Dichroism (CD) Spectroscopy-The secondary structure of insulin during fibrillation in the presence and absence of KR7 peptide was studied with Jasco J-815 spectrophotometer. 10 mM Na 2 HPO 4 buffer containing 100 mM NaCl (pH 7.4) was used throughout the study. A quartz cuvette with a path length of 0.2 cm was used to record CD spectra at temperature 298 K for insulin in the presence and absence of KR7 peptide. Spectra were recorded over a range of 200 -260 nm at 1-nm data interval with a scanning speed of 100 nm/min. Each CD spectrum represents an accumulation of four subsequent scans. To eliminate contributions of KR7 peptide in the CD spectrum, the same concentration of protein CD spectrum (without insulin) was subtracted from the resultant CD spectra. Collected spectral raw data in millidegrees were subtracted from the blank buffer data and transformed to molar ellipticity using Equation 2,
where m 0 is millidegrees, M r is the molecular weight (g mol Ϫ1 ), L is the path length of quartz cuvette used (cm), and C is the concentration (Molarity).
Fluorescence Anisotropy-Tryptophan fluorescence of 5 M KR7 peptide in 50 mM citrate phosphate buffer (pH 2.6) with 100 mM NaCl was detected in a Hitachi F-7000 FL spectrometer with a 0.1-cm path length quartz cuvette at 298 K with the gradual addition of insulin from 1 M to 30 M concentration. The excitation wavelength was set at 295 nm. Along with the emission wavelength measurements, fluorescence anisotropy was also measured. Fluorescence anisotropy was determined by the single site ligand binding equation. The anisotropy values so obtained were plotted against the insulin concentration and fitted by Equation 3 to determine the apparent dissociation constant (K D ) of the peptide-protein interaction assuming a 1:1 binding stoichiometry or equivalent and independent binding sites.
where, y is the measured anisotropy value, y 0 is the anisotropy value determined for KR7 alone (without insulin), x is the concentration of insulin (M) added, Bmax is the maximum value of anisotropy during the binding process, and K D is the apparent dissociation constant of insulin-KR7 complex.
Microscopy Study of Insulin Fibrils
Confocal Study-The fibrillation conditions were similar to that of the kinetics of fibrillation insulin experiments. The samples were prepared as described for ThT assay, and 10-l aliquots of the reaction mixture were placed on clean glass slides and dried inside laminar airflow at room temperature in the dark followed by mounting with DPX mounting media (HiMedia Laboratories). A 405-nm band pass filter was used to observe the ThT fluorescence in a confocal microscope (Leica TCS SP8).
TEM Study-2 mg/ml insulin samples were subjected to fibrillation using similar conditions as the kinetics experiment in the presence or absence of KR7 peptide. After saturation of the ThT fluorescence of insulin fibrillation, the sample was incubated at room temperature for few days, then an aliquot was placed on the TEM grid, and images were taken with CM 12 PHILIPS TEM instrument.
AFM Microscopy-2 mg/ml insulin was incubated at 335 K in 50 mM citrate phosphate buffer in the presence of 100 mM NaCl with and without KR7 (1:1) peptide, and at different time points 10 l of the sample was collected and placed onto an evenlayered mica sheet for 5 min. The mica sheet was then washed with Milli-Q pure water three times followed by air-drying in a closed chamber for overnight at room temperature. Protein aggregates were imaged with an AFM (AFM workshop, Signal Hill, CA). The AFM imaging was performed in the vibrating mode. The resonance frequencies of the cantilever was 140 -210 kHz and attached with a single crystal silicon tip with a nominal radius of curvature Ͻ10 nm. Typical scan size was 10 ϫ 10 m (512 ϫ 512 points), and scan rate was kept below 1 Hz.
NMR Experiments-The NMR experiments were carried out at 298 K or 335 K using either on Bruker AVANCE III 500 MHz (equipped with SMART probe) or 700 MHz (equipped with QCI Cryoprobe). Topspin v3.1 software (Bruker) was used for NMR data acquisition and processing. The one-dimensional 1 H NMR spectra for insulin fibrillation kinetic experiment was performed in 50 mM citrate-phosphate buffer (pH 2.6) with 100 mM NaCl, 10% D 2 O, and at 335 K temperature using Bruker Avance III 500 MHz NMR spectrometer.
A series of one-dimensional proton NMR spectrum of KR7 was recorded in the presence of insulin fibril to observe the line broadening effect of KR7 (without effecting the chemical shift change) in the context of insulin fibril. The trNOESY experiments of KR7 in the presence of insulin fibril at a molar ratio of 1:20 (insulin:KR7) were recorded using a Bruker Avance III 500 MHz. The 96 scans were recorded for trNOESY spectra per t1 increment. 16 dummy scans were performed in each case, and a spectral width of 12 ppm was maintained for both dimensions. 512 increments in t1 and 2048 data points in t2 dimension along with States TPPI for quadrature detection in t1 dimension and WATERGATE for water suppression were used. The total correlation spectroscopy (TOCSY) and trNOESY spectra were processed using 4 K (t2) ϫ 1 K (t1) data matrices after zero filling.
Bovine pancreatic insulin was made zinc-free by the addition of EDTA followed by extensive dialysis and then lyophilization. The sample were then dissolved in 20% acetic acid-d 4 , 70% water, and 10% D 2 O (pH 1.9) or 20% acetic acid-d 4 and 80% D 2 O (pD 1.9) at a final concentration of 350 M. Two-dimensional homonuclear TOCSY (with 40 ms mixing time) and NOESY (with 200 ms mixing time) were recorded at 298 K in the absence and presence of KR7 peptide at pH 1.9 using Bruker Avance III 700 MHz spectrometer (equipped with cryo-probe), keeping same pulse program and parameter files (number of scans, water suppression technique etc.) described above. A fresh set of lyophilized sample was used for each experiment. The insulin TOCSY, NOESY, and KR7 trNOESY spectra were analyzed with Sparky software (66) .
For saturation transfer difference (56, 57) NMR experiments, standard STD pulse sequences with the WATERGATE 3-9-19 water suppression method were used. 1 mM of KR7 peptide in water (pH adjusted to 2.6 with dilute HCl) was lyophilized and resuspended in an equal volume of D 2 O, and 0.6 M insulin fibril was added. A train of 40-selective Gaussian-shaped pulses (49 ms each) with an interval period of 1 ms was used to saturate protein resonance for a total of 2 s saturation time. During the STD NMR experiment, on-and off-resonance frequencies were set at Ϫ1 ppm and 40 ppm, respectively. Subtraction of offresonance spectrum from the on-resonance spectra to yield signals appearing due to saturation transfer from protein to ligand was achieved using phase cycling. The one-dimensional STD and reference spectra were acquired with 1024 and 512 scans, respectively, with 16 dummy scans using a sweep width of 12 ppm. An exponential line broadening function of 5 Hz was applied to the spectral data before Fourier transformation (58) . Similar STD experiments were performed on the peptide KR7 in the absence of insulin fibril as a control.
Molecular Modeling
KR7 Structure Prediction-The structural calculation of KR7 using NMR spectroscopy was restricted due to lack of NOEs in the trNOESY spectrum. The conformational prediction of KR7 was employed using simulated annealing (SA) process, similar to our previous study (59) . In particular, the linear sequence of KR7 was built in tleap of AMBER14 using f99SB-ILDN forcefield. The temperature scale used for SA procedure includes incremental steps of 50 K, where each step was followed with constant temperature of 5 ps each. The temperature window used for the procedure was from 0 K to 325 K and then cooling to 300 K with integration time step of 2 fs. The end-point conformation of the SA process was then used for a production run of 5ns, with a trajectory recording interval of 5 ps in implicit solvent conditions. Cluster analyses of structures were performed using perl scripts from the MMTSB tool-set (60) . Hierarchical k-means cluster analysis procedure was used with a r.m.s.d. cut-off criteria of 2 Å distances to separate various populations of KR7 (61) . Finally, the representative structure from the top-ranked cluster was used for docking studies.
Docking Calculation-High ambiguity-driven protein-protein docking (HADDOCK) was used for the docking study that helps in predicting the probable binding mode of KR7 to insulin with default server parameters. The coordinate of insulin was adopted from PDB code 2ZP6, which was used as receptor and the predicted KR7 structure as ligand with a rigid backbone and flexible side chains. There are similar reports of molecular modeling that uses insulin monomer to correlate with the experimental results. This prompts us to make use of monomeric insulin conformation for our docking studies (34, 62) . Active residues of the receptor and ligand were chosen on the basis of chemical shift perturbation in two-dimensional homonuclear NOESY NMR and signals from STD NMR, respectively. The results obtained from HADDOCK server were collected as clusters based on the internal standards of the HADDOCK server. Further analysis of the docked complexes carried out based on HADDOCK score and i-I-r.m.s.d. values for the best cluster (63, 64) .
Cell Culture and MTT Assay
Cell Culture and Insulin Fibrillation-HEK293T cell line was grown and maintained in complete DMEM media (HiMedia Laboratories) supplemented with 10% FBS, 150 g/ml penicillin/streptomycin, 50 g/ml gentamycin, and 2.5 g/ml amphotericin B at 310 K in a humidified 5% CO 2 containing incubator. 1.5 ϫ 10 4 cells were seeded in 96-well plates, and insulin fibril plus KR7 peptide were treated after 48 h of seeding. Insulin fibrillation for cytotoxicity assay was carried out in the presence (1:1 molar ratio) and absence of KR7 by incubating 3.5 mg/ml insulin in HCl, 100 mM NaCl, pH 2.0, followed by incubating at 335 K (54) .
MTT Reduction Assay-The viability of HEK293T cell after insulin and KR7 peptide treatment was estimated using the metabolic dye MTT reduction assay. MTT was reduced by only the viable cells by forming blue-colored formazan crystals, which was then dissolved in DMSO, and the value was measured at 570 nm. Insulin was dissolved in HCl (pH 2.0) with 100 mM NaCl, and the stock concentration of insulin was 3.5 mg/ml. The cell was incubated at 310 K in a humidified 5% CO 2 -containing incubator. After 24 h of treatment, MTT was added to the wells at a final concentration of 0.5 mg/ml by dissolving the MTT in phenol red-free RPMI media (HiMedia Laboratories) and again incubated for 3 h. MTT solution was discarded by decanting the 96-well plates on a tissue paper, and 100 ml of DMSO was added to dissolve the formazan crystals and incubate for 15-30 min with gentle shaking on a rocker. The absorbance at 570 nm was taken using a microplate reader (MultiscanGo, Thermo Scientific), and cell viability was calculated accordingly.
Serum Stability Assay-Serum stability was performed by a method described by Jenssen and Aspmo (65) with slight modification. In brief, 1 ml of RPMI 1640 supplemented with 25% (v/v) fetal bovine serum was equilibrated to 37 Ϯ 1°C for 15 min. 100 g/ml final concentration of KR7 was added, and at the respective time points 100 l of the reaction mixture was taken out and mixed with 400 l of 96% ethanol for precipitation of serum proteases. The cloudy reaction mixture was cooled at 4°C for 15 min and then centrifuged at 18,000 ϫ g for 2 min to pellet down the precipitated serum protein.
The reaction supernatant was then analyzed using reverse phase HPLC on a 250 ϫ 4.6-mm C 18 column. Gradient elution from 0.1% TFA in 100% acetonitrile to 0.1% TFA in water was used over 35 min. A flow rate of 1 ml/min was used, and the quantity of complete peptide remaining was integrated at 220 nm. The entire analysis was done at room temperature. The area under the peak was analyzed using LCsolution software (Shimadzu). Water was used as the blank, and a reaction mixture lacking peptide served as negative control. % of peptide remaining after each time point was calculated by using Equation 4. 
